The ability to manipulate matter precisely is critical for the study and development of a large variety of systems. Optical tweezers are excellent tools to handle particles ranging in size from a few micrometers to hundreds of nanometers but become inefficient and damaging on larger objects. We demonstrate for the first reported time the trapping of elastic particles by the large gradient force of a single acoustical beam in three dimensions. We show that at equal power, acoustical forces overtake by 8 orders of magnitude that of optical ones on macroscopic objects. Acoustical tweezers can push, pull and accurately control both the position of the particle and the forces exerted under damage-free conditions. The large spectrum of frequencies covered by coherent ultrasonic sources will provide a wide variety of manipulation possibilities from macro-to microscopic length scales. We believe our observations improve the prospects for wider use of non-contact manipulation in biology, biophysics, microfluidics and robotics and bridge the gap that had remained to the macroscopic scale.
The ability to manipulate matter precisely is critical for the study and development of a large variety of systems. Optical tweezers are excellent tools to handle particles ranging in size from a few micrometers to hundreds of nanometers but become inefficient and damaging on larger objects. We demonstrate for the first reported time the trapping of elastic particles by the large gradient force of a single acoustical beam in three dimensions. We show that at equal power, acoustical forces overtake by 8 orders of magnitude that of optical ones on macroscopic objects. Acoustical tweezers can push, pull and accurately control both the position of the particle and the forces exerted under damage-free conditions. The large spectrum of frequencies covered by coherent ultrasonic sources will provide a wide variety of manipulation possibilities from macro-to microscopic length scales. We believe our observations improve the prospects for wider use of non-contact manipulation in biology, biophysics, microfluidics and robotics and bridge the gap that had remained to the macroscopic scale.
Contactless manipulation can be achieved with optical traps using the radiation pressure of light [1] . Initially optical traps required two counter propagating focused beams to counteract the acceleration in the direction of light propagation resulting from momentum conservation. Almost two decades later, the first single beam trap, called optical tweezers, was achieved [2] . Their application has had a wide and far-reaching impact since their inception, spanning the range from life science, material science and microfluidics to laser cooling of atoms [3] [4] [5] [6] [7] .
Manipulating particles with light requires high focusing and relatively transparent and non absorbing particles so that the negative axial gradient force dominates a positive acceleration resulting from the recoil induced by back-scattering. Light intensities of about 10 7 −10 8 W/cm 2 at the focus yield forces in the pN range on micron sized particles [8] . Hence, an early recognized issue is the heating of both the particle and the trapping medium [9] . It is consequently necessary to tune the optical wavelength to the near infrared and reduce the laser power in biological applications to diminish the risk of causing damage to living samples, an issue coined "opticution" [10] .
Introducing an ultrasonic trapping beam is of benefit from various points of view. Optical and acoustical radiation forces are both proportional to the ratio of the beam power to the wave propagation speed obviously giving a major advantage to acoustics. Piezo-electric sources with high efficiency are available with frequencies from kHz up to GHz, scaling macroscopic to microscopic wavelengths, broadening the range of particle sizes that can be trapped as well as the operating distances from the source. The change in nature of the oscillating field widens the prospect of operating in mediums generally exposed to heating by light and trapping particles of many kinds regardless to their dielectric or magnetic properties. Standing acoustic waves are already a powerful and very active strategy to levitate or manipulate single or multiple particles [11, 12] and even living animals [13] . In particular ultrasonic acoustophoresis has proven to assist with the challenges of complex microfluidic environments [14, 15] . Nevertheless, forming the standing wave pattern is mandatory and environment dependent, hence largely limiting the possibilities to manipulate a single object. Hitherto, the decisive steps that led Ashkin from his seminal work on optical radiation pressure [1] to the invention of single-beam optical tweezers [2] have not been accomplished in acoustics.
Here we demonstrate that a single beam of ultrasound can stiffly trap small elastic particles and confirm our theoretical prediction [16] . Compared to recent improvements to optical traps [17] , the incident intensity is six orders of magnitude lower for unequaled radiation forces in the range 10 − 400 nN. Our findings unambiguously have a profound consequence for contactless manipulation. Thus, we anticipate that acoustical tweezers pave the way to the study of mechanisms involving consequent forces and fragile materials as in morphogenesis, organogenesis [18] [19] [20] [21] , cell adhesion [22, 23] , container-less and non-contact manipulation tasks.
SCULPTED WAVEFRONT FOR ACOUSTICAL TWEEZERS
Despite recent progress, accurate three dimensional manipulation of the trapped specimen with a single beam remains an issue. Indeed, solid elastic particles have a propensity to be expelled from the focal spot of a conventional focused ultrasonic beam. A drawback that has both been predicted and observed [24] [25] [26] [27] . The-oretical developments have moved forward the seminal understanding of acoustical radiation forces exerted on spheres in plane waves [28, 29] to more complex beams [24, 26, 30, 31] and the acoustical analogous to the generalized Lorenz-Mie theory, GLMT [32, 33] , unveiled the mechanisms of single beam acoustical tweezers [16] . The expelling behavior is dictated by the scattering modes of the small particle and its refractive index mismatch with the incident medium (generally water). Insight on the trapping mechanisms in acoustical beams are given in detail in Methods section. The specific response of the scatterer in acoustics lead us to the decisive step of tailoring the incident beam's wavefront. Focused acoustical vortices satisfy various constraints to retrieve both radial and axial restoring gradient forces. The helicoidal structure of the wavefronts arises from a phase singularity on the beam's axis [34] . Such peculiar wave fields have been successfully generated and analyzed in acoustics [35] [36] [37] [38] [39] [40] [41] [42] . Here much care is taken to control the structure of the incident wavefronts and their tight focusing.
In Fig. 1a , a sketch of the experimental setup is shown. A multi-element array of piezoelectric transducers is driven by independent arbitrary signal generators to synthesize the beam. A tight focusing of the vortex is obtained with a high f -number acoustical lens. Based on numerical calculations, [16] , an optimal acoustical vortex is determined and used as an input to a versatile and robust wavefront synthesis technique [36] . The array of transducers is driven with the calculated signals to experimentally generate the incident field. We drive the transducers at a frequency f = 1.15 MHz corresponding to a wavelength λ = 1.3 mm in water at room temperature T = 22
• C (see section Methods for more experimental details).
The instantaneous pressure field is measured with a hydrophone scanning a grid of points defined near the focus. The normalized intensity in the direction of propagation is shown in Fig. 1b . The depth of field is approximatively equal to 4λ = 5.2 mm and will determine the trapping extent of the tweezers. In the focal plane (Fig. 1c-d) , the acoustical intensity is focused to a "ring" pattern that is a peculiarity of vortex beams. Looking at the phase diagram, its variation from −π to π around the beam axis reveals the helicoidal structure of the wavefronts. Since a single jump of 2π is achieved, the pitch of the helix is equal to λ and is here left-handed. High focusing is achieved so the bright ring's diameter is approximatively equal to the driving wavelength λ. The measured and calculated pressure fields are in perfect agreement (see Extended Data Fig. 1 ). The precise control of the phase pattern ensures the intensity to vanish on the propagation axis with steep pressure gradients as a consequence of the axial phase singularity introduced in the wavefield. This last feature along with tight focusing provides unique characteristics to the acoustical radiation force of the incident beam (see section methods). The peak value of the pressure on the ring is equal to 0.8 MPa when the emitter is driven at the maximum power. This represents an acoustical intensity of approximatively 42 W/cm 2 .
ACOUSTICAL TWEEZERS
As we achieved to synthesize an optimal incident beam, we expect to observe a modification in the dynamics of the target particle consistent with our theoretical predictions. In a vertical configuration (Fig. 2a) , the ultrasonic emitter focuses the beam upon a thin polyethylene film (largely transparent to acoustic waves) on which the particles are dispersed. An external CMOS camera ensures an accurate visualization of the trapping scene through a glass window on the tank's side. The trapping zone is initially located in the visualization plane of the camera directly placing the tip of the needle hydrophone at the beam's focus (see methods). The particles are polystyrene spheres of diameters ranging from 190µm to 390µm. The film mounted on a three-axis positioning system allows to move the particles around the region of interest. In this configuration, the trapping beam is fixed and the beads can be moved with the film. A properly positioned particle is well resolved on the camera's display screen.
As the beam impinges a particle, it is lifted by a strong negative gradient force exerted by the downward propagating beam and remains stably trapped in three dimensions. A photograph of a levitated particle (radius a = 170µm) is shown in Fig. 2b and a video of the entire trapping scene is provided (Supplementary information Video 1). The particle reaches an axial equilibrium position when the negative radiation force balances the buoyant force in water. The predicted behavior of the axial force is shown in Fig. 2c . It is negative beneath the beam focus (lifting force) and positive above (pushing force). At the equilibrium, the force is approximatively 20 nN for the largest polystyrene particles. The lifting confirms that the gradient trapping force dominates the positive axial scattering force acting in the direction of propagation. However, as a consequence of the latter, the axial equilibrium position is generally below the beam's focal point and typically 3.0 cm away from the lens. The axial range of operation of the tweezers is investigated by changing the distance between the particle and the beam focus before trapping. The maximum lifting distance was found to reach 3.4 mm or equivalently 2.6λ beneath the focus for the maximum emission intensity (I = 42W/cm 2 ). Contrarily if the particle is initially located above the equilibrium position, it is pressed against the film by the positive axial force.
The radial component of the radiation force is predicted to be at least one order of magnitude stronger than the axial counterpart (see Methods). So when the particle is initially deported away from the beam axis, an important radial acceleration is observed before it starts to lift. Acquiring images at a high frame rate (477 fps), we recorded the motion of the particle as it is attracted towards the central beam core. By taking into account the viscous drag force arising from the velocity of its motion, we calculate the net radial force acting on the particle from its acceleration. For a polystyrene particle of radius a = 170µm the radial force is equal to F ρ 0.4µN at a radial distance ρ = 420µm away from the vortex's core. The maximum radial displacement reached ρ max = 700µm for various particles. If the particle is initially located beyond, the radial force will push it away instead. This remarkable feature ensures an accurate operation at the single particle level in mediums with high densities of particles (Supplementary information video 2). Note that this is not the case for most optical trapping experiments where many particles quickly collect at the focus for a high concentration of particles [2, 9] . Nevertheless, if two particles are located sufficiently close to each other, the beam simultaneously lifts both (Supplementary information video 3). We show systems of two trapped particles in Fig. 3 . It can be seen that both particles will react to the primary incident beam and be trapped in a single equilibrium position but can additionally exhibit a mutual interplay. Depending on the relative size of each particle, they can either attract (Fig. 3b) or repulse each other and maintain a separation distance d 0.25λ (Fig. 3b) . This observation is in qualitative agreement with a theoretical analysis of the mutual interaction of two rigid spheres in a plane wave where a change of sign in the mutual force (attraction to repulsion) is predicted for d 0.2λ [43] .
To demonstrate transportation, once the particle picked up, the film is very rapidly moved to another position where there is a cavity. The particle is then precisely and gently dropped in the cavity (Supplementary information video 4). The streams generated by the high speed translation of the film (50 mm/s) do not affect the position of the trapped particle. Reversely, this observation implies the ability to rapidly move the trapped specimen in the host medium displacing the trapping beam instead. Based on the measured radial force, the maximum displacement speed of the trap could reach up to 10 cm/s before it is dragged away by viscous forces in water. This suggests that the tweezers are relevant for high speed manipulation tasks.
Another interesting possibility is to precisely control the dynamics of the particle to fashion an actuator for various applications. A first and simple way to manage this is to control successive cycles of catching and dropping of the particle by switching the power source on and off at different rates. This is illustrated in the Supplementary information video 5. The incident power is driven with a square signal of three different periods 0.3, 0.15 and 0.1 s. Thus, we can control the amplitude and the frequency of the oscillations of a particle around its equilibrium position. This could be used for instance to initiate streams in the host fluid. While not exploited here, the versatility of the wavefront synthesis technique offers many possibilities to reconfigure in real time the form and the position of the trapping beam as in holographic optical traps [4, 44, 45] .
No undesirable damage on the trapped particles was observed [? ] . In fact the incident intensity required to develop the reported forces is low (42W/cm 2 maximum) and importantly, the particle is trapped in the silent core of the acoustical vortex. In all experiments, once the particle trapped, we completely remove the film to make sure it does not disturb the trapping force. An effect can be observed only when very short distances separate the trapped particle from the film.
DISCUSSION
The results demonstrate for the first reported time non-contact manipulation with a single ultrasonic beam in three-dimensions. Albeit the experimental setup is designed to operate at a central frequency f = 1.15 MHz corresponding to a wavelength in water of λ = 1.3 mm, there are no known difficulties to rescale up to a driving frequency approaching f = 100 MHz [46] giving merely access to the microscopic range with abundant forces at very low incident powers. A final comparison will resume the step forward. We exerted forces overtaking that of optical tweezers by a factor 10 2 − 10 3 for the axial component and 10 3 − 10 4 for the radial one while reducing the intensity flux by at least 5 orders of magnitude. Rescaled to the microscopic level, acoustical tweezers will conserve an advantage on the force of five orders of magnitude at equal incident intensity for objects having microscopic cross sections. The power and breadth of non-contact manipulation techniques has been highlighted by the wide variety of measurements and systems investigated. With the unprecedented features offered to acoustical tweezers, we expect they will provide an impetus for future fundamental studies in a large range of disciplines as life sciences, hydrodynamics, microfluidics and robotics.
METHODS SUMMARY
The acoustical radiation force is theoretically analyzed. It is seen that contrarily to optical tweezers, an axisymmetric beam will strongly expel an elastic particle. The intense excitation of the particle's monoplar mode and the mismatch of acoustical indexes with the medium are the underpinning mechanisms of this expulsion. Introducing a tailored incident beam is of benefit to retrieve a three dimensional potential well attracting the particles towards a unique equilibrium position determined by the size and weight of the sphere and the incident power. This peculiar beam is synthesized by an array of piezoelectric transducers in a large water tank. The versatile wavefront synthesis technique enables a good control of the spatial and temporal variations of the incident helicoidal wavefronts. Once the incident field is scanned with a needle hydrophone to ensure it fulfills all the trapping requirements, we locate the trapping zone with a CMOS camera properly imaging the tip of the hydrophone. We finally disperse the particles on a thin polyethylene film before selecting one or two particles to trap. 
METHODS

Trapping acoustical radiation force
The main difficulty to trap elastic particles in a single acoustical beam is to circumvent the axial expelling force. As demonstrated above, the incident beam can be tailored. We explain how an acoustical vortex retrieves a three-dimensional trapping behavior. For sake of clarity, we restrict our discussion to the long wavelength approximation, the so-called Rayleigh regime. Starting from the expressions given in [32] we can derive the expression of the radiation force:
where p and v are respectively the acoustical fluctuations of the medium's pressure and velocity at frequency f = kc 2π
. They propagate at a speed c = 1490 m/s in water at room temperature with initial density ρ at rest. (·) and (·) indicate the real and imaginary parts of the terms in parenthesis and asterisks denote complex conjugates. The response of the small scatterer (a/λ << 1) to the incident wavefield is characterized by two strength parameters:
and characterize the fundamental monopole and dipole modes of a sphere. c l , ct and ρp are the longitudinal and transverse sound speeds and density of the particle respectively. This results agree with an expression derived and written in a different formulation elsewhere [1] . A careful reader will recognize some surprising similarities with the expression of the optical radiation force in the correspondent Rayleigh regime [2] , αm and α d endorsing the role of the Clausius-Mossotti factor. However, unlike electromagnetic waves, acoustics affords a longitudinal polarization in solids and fluids that give rise to additional terms proportional to αm. The first two terms in Eq.(1) can be referred to as an acoustical gradient force proportional to the incident's beam energy densities and in the order of (a/λ) 3 , [3] . Whereas the remaining two are a scattering force proportional to the intensity flux and convective terms of the incident field that will tend to push the particle downstream. These terms are in the order of (a/λ) 6 . A thorough analysis of the force is necessary to unveil the mechanisms of acoustical tweezers. First let us consider the case of a classical Gaussian focused beam, i.e. locally convergent plane waves. When dealing with an elastic particle, exciting the monopole mode of the scatterer (proportional to αm) precludes from forming a stable trap. In fact albeit the gradient of the potential energy (∝ |p| 2 ) points towards the beam's focus, the elasticity contrast α 0 m between the particle and the medium impacts the overall sign of the force in the wrong direction. Note that this is not the case for gases and many liquids in water. The gradient of the kinetic energy (∝ | v| 2 ) again points towards the focus and the inertial contrast ( α 0 d ) has the appropriate sign. Nevertheless, only for very dense and rigid spheres, will the dipolar restoring force overtake the monopolar ejection (e.g. for tungsten [16, 24] ). This is where the incident beam plays a fundamental role. By tailoring the incident wavefronts we prevent the excitation of the monopole response of the scatterer while it continues oscillating as a dipole. This is completely dictated by the non-axisymmetry of the wavefronts and the phase singularity on the propagation axis, as well as the symmetry of the object. Hence, the acoustical field acts this time as a three-dimensional potential well attracting any solid elastic particle. The final precaution is to conveniently balance the scattering and gradient forces. A highly focused ultrasonic beam is necessary to exalt the kinetic energy gradients and the particle must remain sufficiently small. Note that a consequence of exciting the monopole mode as soon as the particle is off-axis is a resulting radial force much stronger than the axial counterpart.
Because the particles trapped here are large enough to slightly deviate from the predictions in the Rayleigh regime Eq.(1), the forces are calculated by the complete analysis developed recently [16, 32] that stands as the acoustics analogue of the GLMT [33] . The axial and radial components of the radiation force for a polystyrene particle of radius a = 150µm are plotted in Extended Data Fig. 2 . Both components act as restoring forces towards an equilibrium position as they are shifted axially, z, or radially, ρ, away from the focus.
Experimental setup
Experiments take place in a water tank of approximatively 0.5 m 3 in which a spherically focused array of 127 ultrasonic transducers is immersed (Vermon, France). The transducers are mounted in a spherical cap, 10 cm wide, initially focusing at a distance of 45 cm. A multiple output arbitrary waveform generator (Lecoeur Electronique, France) enables to drive the amplitude and the phase of each transducer independently. In these experiments the broadband transducers were driven at their central frequency of 1.15 MHz corresponding to a wavelength λ = 1.3 mm in water at controlled room temperature of 22 • C. The maximum power per output is 4.5 W in continuous mode and 50 W for brief impulsions. A 75µm diameter needle hydrophone (Precision Acoustics Ltd, U.K.) is used to measure the instantaneous amplitude and phase of the ultrasonic pressure field with high spatial resolution. The accuracy of the hydrophone is of 13% on the absolute pressure value. Since the initial focal distance of 45 cm is too long for accurate trapping purposes, we designed an auxiliary spherical lens carved in a bloc of PMMA. Unlike the optical picture, the celerity contrasts between water and PMMA require a concave lens to converge acoustic waves in water. It was designed to obtain a final f-number N = f /D = 7.5/10.5 where f is the focal length and D the effective aperture of the emitter (cm). When scanning the incident pressure field, the needle hydrophone is mounted on a threeaxis motorized positioning system (Newport). For trapping experiments, the thin polyethylene film transparent to acoustic waves is mounted instead. The motors are controlled with 5µm precision). An initial scan of the field assists in the localization of the trapping zone with the camera. The focus of the beam is typically 3.0 cm away from the lens. The bottom of the tank is 25 cm from the trapping zone. However to ensure that no reflections will disturb the trapping beam, an absorbing polyurethane block lies on the bottom of the tank. The visualization system consists in a CMOS camera (Model Neo sCMOS, Andor LTD, U.K.) with several optics for magnification.
Wavefront synthesis
The generation of the incident acoustical vortex relies on the inverse filter technique [4] suitable to synthesize complex ultrasound scenes. By completely characterizing the medium of propagation between a set of sources and probes, it is possible to generate sound beams with a controlled wavefront. The procedure is as follows. First one defines a set of control points in which the "target" field is to be obtained. We defined here a control disk of radius 3.5 mm transverse to the propagation axis, coincident with the focal plane of the lens. It is discretized here in 3853 control points. Secondly, the impulse response (Green function) of the medium separating each transducer-control point couple is recorded to obtain the propagation operator. Finally an appropriate numerical treatment is applied to inverse that operator and compute the signals to be emitted by the array suitable to obtain the desired "target" wave field on the control disk. Once the correct emission signals are calculated a final scan of the pressure field obtained in the focal plane validates the accuracy of the procedure. This technique has already proven its relevance for the synthesis of linear and nonlinear vortices in acoustics [36] [37] [38] and more interestingly is capable of performing in situ wavefront corrections of aberration. In the present investigation the synthesized beam is a focused acoustical vortex of topological charge −1.
Particles
The polystyrene particles (Cospheric LTD, density ρp = 1050 kg/m 3 and diameter 190 − 390 µm.) are initially immersed in deionized water for 30 minutes before being introduced in the water tank. This ensures that no air bubbles will affect the response of the particle to the incident beam. 
